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Small pyrex glass spheres, representative of stoney meteoroids, were 
f i r ed  in to  double-sheet structures a t  velocit ies t o  24,000 fee t  per second 
t o  determFne the effects of a number of target  variables upon penetration 
resistance. 
various categories as  a function of t he  impact velocity: 
impact region, a t ransi t ion region, and a high-speed impact region, The 
regions are discussed and i l lus t ra ted  by individual frames from high-speed 
motion pictures of the impact process, 
in one region of impact are not applicable t o  the others, 

It was observed tha t  the impacts could be classified i n t o  
a low-speed 

It is noted tha t  resul ts  obtained 

The effects of combined sheet thickness and sheet spacing upon 
penetration resistance were investigated for the low-speed and the high- 
speed regions of impact, It was determined that  the required t o t a l  sheet 
thickness varies with the first power of the velocity in the low-speed 
impact region and appears t o  vary with the 2/3 parer of the velocity in 
the high-speed impact region. 
spacing between sheets resulted in only slight Fncreases in penetration 
resistance at low speeds, Harever, in the t ransi t ion and high-speed 
impact regions, spacing became very much more effective in controlling 
the performance of the structure, 

It was  a l s o  observed that increases i n  

It was concluded that structures having front sheets with equal mass 
per u n i t  area and ident ical  reas sheets have the same penetration r e s i s t -  
ance f o r  several front-sheet materials, Also, f o r  maxjmum penetration 
resistance per u n i t  weight, the available structural  weight should be 
concentrated i n  the rear  sheet with the front sheet on ly th ick  enough t o  
sha t te r  the project i le  completely, 

A discussion and i l lus t ra t ions  of oblique impact on double-sheet 
structures are a l s o  presented, 
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INTRODUCTION 

A program of research directed toward determining the impact 
resistance of composite structures i s  a t  present being conducted i n  the 
Bypervelocity Bal l is t ic  Range of the Ames Research Center, The resu l t s  
of a preljminary portion of this investigation were reported in reference 1. 
I n  the  reference report, the  impact resistance of a limited number of 
simple double -sheet and f our-sheet structures was determined a t  veloci t ies  
t o  11,000 f ee t  per second, 
double-sheet structure impact data a t  veloci t ies  t o  24,000 fee t  per second 
and t o  show tha t  composite target -act resu l t s  obtained a t  low speeds 
are not applicable a t  high speeds, 
i s  t o  determine the effects  upon s t ructural  penetration resistance of such 
target variables as the combined sheet thickness, the sheet spacing, the 
distribution of weight between front  and rear  sheets, the  front sheet 
material, and impact a t  oblique angles, 

One purpose of t he  present report i s  t o  present 

Another purpose of the present report 

diameter of spherical projecti le,  in. 

diameter of hole in first sheet, in. 

spacing between sheets, in, 

thickness of first sheet, in. 

thickness of second sheet, in. 

combined thickness of first and second sheet, tl + t 2  

velocity of projecti le at impact, f t /sec 

in. 

The t e s t s  were conducted by f i r ing  small project i les  from a light-gas 
gun into double-sheet targets  at  veloci t ies  t o  24,000 ft/sec. 

The projecti les were small Pyrex glass spheres with a density of 
2.23 grams per cubic centimeter and varied i n  diameter from 1/16 inch t o  
3/16 inch. 
i s  considered t o  be representative of stoney meteoroids. 
were mounted i n  supporting sabots which guided them down the bore of the  
gun barrel  and protected them from the damaging effects  of the propellant 
gases. 
deflected t o  prevent them from damaging the targets.  

Glass w a s  selected because it shat ters  upon impact and thus 
The spheres 

After launch, the sabots were separated from the models and 
Spark photographs 
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of the models were taken a t  numerous stations, and intervals of time and 
distance were measured. 
of the  model i n  f l i gh t  was determined from the above data. 
description of the experimental apparatus employed is  provided in 
reference 1. 

The velocity as well as the physical condition 
A detailed 

The ta rge ts  were multiple-sheet structures consisting of t w o  sheets 

The 
of material placed one behind the  other with a 0.016-inch-thick 2024-!l?j 
aluminm alclad "witness" sheet 1/2 inch behind the t e s t  structure. 
witness sheet is useful in assessing the damage t o  the basic structure, 
In all tes ts ,  the  second sheet of the main structure was 2024-T3 aluminum 
alclad. 
ference of one atmosphere t o  detect the presence of any leaks. 
c i f i c  gravity of the front sheet materials ranged f rm 1.2 t o  8.5, and 
sheet s acing (distance between the first and second sheets) was varied 
from 1 P 2 inch t o  1.5 inches. 

After impact, the second sheet was subjected t o  a pressure d i f -  
The spe- 

In most tes t s ,  the  targets  were alined with the front face normal t o  
the project i le  trajectory. 
was d i n e d  with the front face 45' t o  the project i le  trajectory,  

In one series of t e s t s ,  however, the target  

All targets  tes ted in the above investigations were a t  a zero s t ress  
leve l  and a t  room temperature when impact occurred. 
structures f o r  space vehicles w i l l  probably be load-carrying members so 
that when they are impacted the damage w i l l  tend t o  be more severe. 
reasons of simplicity, this factor  is neglected in the investigations 
considered in this report. 

In real i ty ,  hu l l  

For 

RESULTS AND DISCUSSION 

Regions of Impact and the Effects of T o t a l  
Sheet Thickness and Sheet Spacing 

Tests were conducted t o  determine the effects of combined thickness 
A l l  struc- 

The variables included the combined 

and sheet spacing upon s t ructural  resistance t o  penetration. 
tures  in this ser ies  of tests consisted of two sheets of 2024-a aluminum 
aLclad placed one behind the other. 
sheet thickness, the sheet spacing, and the impact velocity. 
particular sheet thiclmess combination was selected f o r  investigation, 
an attempt was made t o  divide the combined thickness equally between the 
front and rear sheets. The penetration resistance of the structures was 
measured i n  terms of the  structure 's  "ba l l i s t ic  l i m i t . "  This term is 
defined here as the project i le  velocity required t o  damage the rear  sheet 
of a structure so  that it w i l l  no longer hold a pressure difference of 
one atmosphere without leaks. This criterion thus takes i n t o  account the 
material spalled f romthe  rear of the second sheet through the pressure 
differential t e s t .  
fa i lures  due t o  individual par t ic le  craters md those result ing f r o m  
cracks produced by the effective pressure pulse exerted by the cloud of 

When a 

On the other hand, it does not different ia te  between 
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small particles striking the sheet. However, it was observed tha t  when 

structures representative of space vehicle construction tends t o  f a i l  as 

and not as a result  
t i l e  and front sheet. Therefore, it may be concluded tha t  any experimental I 

evaluation of l igh t  space-vehicle structures must be based upon t e s t s  
conducted upon r ea l i s t i c  structures. 

impact velocit ies are of the order of 20,000 f t /sec the rear  sheet of 
I 

I a resu l t  of rupturing and cracking with substantial  rear sheet spallation 
of perforation by individual fragments of the projec- 

1 
I 

A number of f i r ings  must be made t o  bracket the structure 's  b a l l i s t i c  
l i m i t  within a small velocity range. 
fo r  f i r ings which both exceed and are l e s s  than the b a l l i s t i c  l i m i t ,  it i s  
possible t o  determine the b a l l i s t i c  l i m i t  within an accuracy of 3 percent, 

I f  the impact velocit ies are observed 

The effect  of combined sheet thickness upon the penetration resistance 
of a double-sheet structure is shown i n  figure 1 where the  r a t i o  of com- 
bined sheet thickness t o  project i le  diameter i s  plotted as a function of 
the ba l l i s t i c  l i m i t  with a constant value of 8 f o r  the r a t i o  of sheet 
spacing t o  projecti le diameter. It can be seen tha t  the curve presented 
i n  figure 1 is  similar t o  curves obtaihed f o r  impact in to  semi-infinite 
targets when the r a t io  of penetration t o  project i le  diameter i s  plotted as 
a function of impact velocity. 
results of t h i c k  target impact. 

Thus, it is  important t o  reca l l  some 

Charters and Swmners i n  references 2 and 3 classi f ied impact in to  
thick targets in to  several categories which depend primarily on impact 
velocity, These categories are defined as, the undeformed project i le  
region, the t ransi t ion region in which the project i le  i s  broken, and the 
f lu id  impact region i n  which both project i le  and target  behave l i ke  fluids.  
It was observed that  any penetration relations obtained in one region of 
impact were not applicable t o  other regions. 

Impact i n  double-sheet targets  a l s o  f a l l s  in to  several categories 
which again depend primarily on the velocity, 
termed simply, the low-speed region, the t ransi t ion region, and the high- 
speed region. 
be i l lus t ra ted  and discussed first,  

These categories w i l l  be 

The high-speed region, which i s  of primary interest ,  will 

Presented i n  figure 2 are a number of individual moving picture frames 
showing the resu l t s  of a 1/8-inch-diameter pyrex glass sphere impacting 
a structure composed of two sheets of 2024-T3 aluminum alclad spaced a t  
1 inch with a combined sheet thickness of 1/8 inch. The impact velocity 
was 23,000 ft /sec and the movie was taken a t  1.35Xle frames per second. 
Upon impact, both the project i le  and the portion of target  material removed 
from the front sheet are shattered in to  very f ine  fragments. The cloud of 
fragments forms a th in  she l l  with few, i f  any, fragments in the she l l  inte- 
rior. This is  reasonable since, af ter  impact, the hole i n  the front sheet 
grows radial ly  and there i s  no material available t o  come in behind the 
shel l  front. The front of this she l l  i s  hemispherical in  appearance as  
it approaches the second sheet and is traveling a t  about 60 percent of the 
impact velocity for this case. A s  the  she l l  s t r ikes  the rear sheet a b u r s t  
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of l i gh t  i s  produced, and material splashes back t o  the rear  of the  front  
sheet with some of it passing out of t he  hole. 
ambient pressure during the  impact  t e s t s  w a s  suff ic ient ly  low tha t  there 
w a s  no deceleration of t he  hemispherical f ront .  The luminosity resu l t s  
mainly from the  small amount of a i r  remaining i n  the  chamber. 
presents an enlarged frame fromthe movie sequence shown i n  f igure 2 and 
c lear ly  shows the  s h e l l  of f ine ly  shattered par t ic les  associated with 
impact at  high speeds. 
after impact. 
or  less uniformly damaged. 
from high-speed impact generally occurs in t he  form of small cracks radi-  
a t ing outward from the  center of the  damaged area, c lear ly  indicating the 
rupturing effect  of the  effective par t ic le  pressure upon the  sheet. 

It should be noted tha t  t he  

Figure 3(a) 

Figure 3(b) presents a photograph of the rear  sheet 

Consequently, t he  f a i lu re  of the rear sheet 
It can be observed tha t  a large area of t he  sheet i s  more 

For the  case of low-speed impact, target f a i l u r e  occurs i n  a manner 
quite different  f romthat  j u s t  discussed. 
individual frame from a high-speed motion picture  sequence taken during 
impact a t  10,000 f t / sec .  
out of the  front  sheet forms a t i g h t  cluster of re la t ive ly  large fragments 
as contrasted t o  the she l l  of f i ne  fragments produced by impact a t  high 
velocity.  Figure 4(b) presents a photograph of a typical  rear sheet af ter  
impact a t  10,000 f t / sec  and shows the damage associated with impact within 
the  low-speed impact region. It can be seen tha t  although there  i s  an 
over-all scattering of craters,  the  major damage i s  confined t o  a small 
central  region, i n  contrast  t o  the  relat ively large area f o r  the  high-speed 
case. The difference between the project i le  break-up processes shown i n  
figures 3(a) and &(a) leads t o  the  rear  sheet damages shown i n  f igures  3(b) 
and 4(b) and i l l u s t r a t e s  the  high- and low-speed regions of impact i n  
double-sheet targets .  

Presented in figure &(a )  i s  an 

The pro jec t i le  and the  target  material punched 

The t rans i t ion  region contains those impacts i n  the veloci ty  range 
where the  pro jec t i le  break-up process i s  changing fromthat  of the  low- 
speed case t o  tha t  of the  high-speed case. 
and, i n  par t icular ,  f o r  different project i le  materials, t h i s  velocity range 
may vary considerably. Consequently, the regions of impact should be 
defined i n  terms of fragmentation characterist ics ra ther  than by specif ic  
ve loc i t ies .  For the conditions of t he  investigations reported herein, t he  
t rans i t ion  region occurs i n  the  veloci ty  range from 10,000 t o  20,000 f e e t  
per second. 

For different  t es t  conditions 

Relationships correlating the  impact parameters i n  one region are not 

A t  low speeds, it i s  apparent t ha t  combined sheet thick-  
applicable t o  the  others, j u s t  as was  observed f o r  impact i n to  semi- 
i n f i n i t e  ta rge ts .  
ness var ies  with the f i rs t  power of t he  velocity (see f i g .  1) as does 
penetration i n  thick 2024-T3 aluminum targets as reported by Collins and 
%nard i n  reference 4 .  However, as the impact veloci ty  i s  increased, a 
t rans i t ion  region i s  reached where the  character of impact begins t o  change 
from the low-speed type t o  the high-speed type as previously described. 
A t  ve loc i t ies  greater than about 20,000 ft/sec, required thickness appears 
t o  vary as the 2 /3  power of the  velocity. This i s  comparable t o  impact 
i n to  semi-infinite ta rge ts  as reported by Summers ( re f .  3) who found tha t  



6 

penetration also varied with the 2/3 power of the velocity and was pro- 
portional t o  the kinetic energy of the  projecti le.  Thus, it is thought 
tha t  the penetration of double-sheet structures is also a function of the 
projecti le kinetic energy a t  high speeds. 

The effect  of sheet spacing upon penetration resistance is i l l u s t r a t ed  
in figure 5 where the r a t i o  of sheet spacing t o  sphere diameter i s  plotted 
as a function of the target  b a l l i s t i c  limit. 
l e s s  than 10,000 ft/sec), spacing does not strongly affect  the b a l l i s t i c  
l i m i t .  
a t  low speeds the broken project i le  and front sheet fragments remain in 
a t ight  cluster. 
cate that spacings greater than 2 inches do l i t t l e  t o  improve the perform- 
ance of a meteor bumper. 
region is  reached and the spacing begins t o  become more effective. 
the velocity range from 10,000 t o  roughly 20,000 ft/sec, project i le  frag- 
mentation is not complete and the optimum effectiveness of spacing i s  not 
realized. Within this region, the character of projecti le and front  sheet 
material break-up changes so rapidly with velocity tha t  s t ruc tura l  ba l l i s -  
t i c  l i m i t  data cannot be obtained. 
high-speed region of impact i s  reached. 
region are s t i l l  quite d i f f icu l t  t o  obtain because of the limited velocity 
capabili t ies of the gurs  now i n  use. 
tha t  the upper right square symbol shown in figure 5 i s  not an actual data 
point because the structure was not penetrated even a t  the  highest speed 
attained (24,000 f t /sec) .  The arrow pointing toward the r ight  t ha t  i s  
associated with this symbol indicates tha t  the b a l l i s t i c  l i m i t  of this 
target is greater than 24,000 ft/sec. In addition, an examination of the 
damage t o  this structure a f t e r  impact a t  t h i s  velocity indicated that  the 
ba l l i s t i c  lhit was not lower than 26,000 ft/sec. This i s  not surprising 
since it can be seen i n  figure 3(a) tha t  greater spacing allows the hemi- 
spherical she l l  t o  diverge over a greater area. Consequently, the  dashed 
curve was drawn with the thought t ha t  the slope of this curve would give 
a conservative estimate of the effect  of spacing within the high-speed 
region. 
much more effective a t  high speeds than a t  low speeds although an accurate 
evaluation of i t s  effectiveness cannot be made at  t h i s  time. 

A t  l o w  speeds (velocit ies 

This seem reasonable since it has been noted (see f ig .  4(a)) tha t  

The resu l t s  obtained by Funkhouser in reference 5 indi- 

A t  higher velocit ies,  hawever, the t rans i t ion  
In 

However, a t  about 20,000 ft/sec, the 
Bal l i s t ic  l i m i t  data within t h i s  

In particular, it should be noted 

Thus, the high-speed data shown in f igure 5 shuw tha t  spacing is  

Effect of Front and Rear Sheet Weight Distribution 

In connection with the above investigation, a limited t e s t  w a s  
conducted t o  determine the effect  of f ront  and rear  sheet weight distri- 
bution upon penetration resistance. 
r ea r  sheets were 202bT3 aluminum alclad and the  r a t io s  of combined sheet 
thickness t o  project i le  diameter and of sheet spacing t o  project i le  diam- 
e t e r  were held constant a t  1.0 and 8.0, respectively. 
presented Fn the preceding section, it was apparent tha t  structures 
expected t o  be resis tant  t o  meteoroid impact should be studied a t  the 
highest velocity attainable if meaningful resu l t s  are desired. 

For this test, both the front and the 

From the data 
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Consequently, the structures described in this section were a l l  impacted 
a t  a veloci ty  of 20,000 ft/sec and all by 1/8-inch-dia~neter spheres. 

The structures tes ted are tabulated i n  tab le  I. It was observed tha t  
the first two structures sham have essentially the same b a l l i s t i c  l i m i t ,  
Thus, changing the front asd rear sheet weight distribution f r o m  a 50-50 
r a t i o  t o  a 25-73 r a t i o  results in no observable change in the performance 
of the structure- Buwever, when the weight dis t r ibut ion w a s  changed fram 
a 50-50 r a t i o  t o  a 75-25 ratio,  a very marked decrease i n  performance w a s  
observed- It becomes obvious then that the front  sheet of a structure 
serves primarily as a project i le  break-up device and does not extract much 
energy f r a m  the system. 
a structure as the sheet thickness is  increased does not correspond t o  the 
l o s s  of energy absorbing capabili t ies of the rear  sheet as the thickness 
is decreased. Consequently, the optimum meteoroid-resistant double-sheet 
structure (with no intervening material) should probably consist of a 
meteor bumper just  thick enough t o  completely fragment the project i le  and 
a rear sheet containbg the r e s t  of t he  available weight. 
condition tha t  the meteor bllmper must ccrmpletely shat ter  the project i le  
was investigated by impacting a structure w e i g h i n g  the  same as the struc- 
tures  ju s t  described but with the weight divided between a 1-mil front 
sheet and a relat ively thick rear sheet. It was observed tha t  t h i s  struc- 
ture was def ini te ly  inferior t o  the other structures tested. 
there seems t o  be a.n optinnun front t o  rear sheet weight distribution f o r  
double-sheet structures even a t  the impact veloci t ies  described herein. 
It seems reasonable t o  assume that a t  meteoric velocit ies,  a very th in  
sheet will suffice t o  shat ter  the projecti le s o  t ha t  the  optimum weight 
distribution between sheets w i l l  be quite different f romthat  observed at  
the re la t ive ly  low veloci t ies  attainable i n  the laboratory. On the other 
hand, f o r  impacts a t  meteoric speeds, the material splashed back from the 
rear sheet may destroy a substantial portion of such a front  sheet. 

Thus, the energy extracted by the front sheet of 

The necessary 

Consequently, 

Effect of Front Sheet Material 

The investigations described previously w e r e  all rest r ic ted t o  
alumFnum targets. 
of f ront  sheet material upon penetration resistance- Front sheet materials 
were selected within a specific gravity range from 1-2 t o  8.5 and the 
thickness of the sheets was  selected so  tha t  the  t o t a l  mass per uni t  area 
remained constant throughout this t e s t  series. The rear sheet of a l l  
structures w a s  202bT3 aluminum alclad and t h e  r a t i o  of sheet spacing t o  
project i le  diameter was  held t o  a constant value of 8-0. 
tures  were impacted by 1/8-inch-diameter glass  spheres and a t  a velocity 
of 20,000 ft/sec s o  tha t  the resu l t s  should be applicable t o  the high-speed 
region of impact. The structures tested i n  this program are a l so  presented 
in  table I. It was  anticipated tha t  the  structures would simply be com- 
pared with one another t o  assess the  relative performances. 
was, however, that a l l  structures tested and presented i n  table  I have 
essent ia l ly  the same b a l l i s t i c  l i m i t ,  Consequently, it may be concluded 
that,  fo r  a given mass per unit  area of the meteor bumper, the bumper 
material i s  unimportant, a t  l eas t  within the limits of this investigation. 

Additional tests were conducted t o  determine the effect  

Again all struc- 

The resul t  
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It cas be seen tha t  the difference in strength of t he  two brass sheets 
has no observable effect  on the performance of the bumpers i n  providing 
protection . 

A meteor bumper (not shown in table  I) made of window glass  was also 
tested simply t o  show the effect  of br i t t leness ,  
on the back side with masking tape but a small clear area was l e f t  f o r  
the projecti le t o  s t r ike,  
result  of the strong shock waves produced, 
entire 6-inch-square plate  would have been pulverized. 
b r i t t l e  material i s  required for the outer surface of a space vehicle, 
perhaps as an ablative material f o r  reentry, then a bonded, tough back-up 
structure would also be required. The protection provided f o r  the second 
sheet by the glass bumper w a s  consistent with i t s  density jus t  as  noted 
f o r  the bumpers of other materials. 

The glass was covered 

The bumper w a s  completely shattered as the 
Without the  masking tape, the  

Therefore, if a 

Effect of Oblique Impact 

In  addition t o  the previously described t e s t s  conducted with the 
targets normal t o  the project i le  trajectory, limited f i r ings  were made 
with the targets  a t  oblique angles. 
most of the meteoroid impacts will be on oblique surfaces and, therefore, 
the hazard would be materially reduced. 
movie frames of a 1/8-inch-diameter glass sphere s t r iking a double-sheet 
aluminum target a t  a4 angle of 43' a t  19,000 ft/sec. A witness sheet, 
used t o  assess the relat ive damage of the rear sheet, can be observed as 
the third sheet of this target  and is  not considered t o  be par t  of the 
structure under investigation. After bpac t ,  a complex spray pattern 
develops, 
and a cluster, similar t o  that described previously for the low-speed 
impact case, i s  formed which t ravels  along the original t ra jectory of the 
pellet .  In the case shown, the spa l l  traveling normal t o  the front  sheet 
s t r ikes  the rear  sheet f i r s t  and perforates it. A short time la te r ,  the 
cluster arrives a t  the reax sheet and also perforates it. Figure 7 pre- 
sents a photograph of both sheets of the structure shown in figure 6 and 
clearly shows the damaged areas associated with the  spray aad  cluster 
formations of oblique impact, 
rear  sheet damage associated with the normal spray and the  rear  sheet 
damage produced by high-speed normal impact, as seen i n  figure 3 (b) . 
damage produced by the normal portion of the oblique impact spray exhibits 
the  same characteristics as tha t  produced by normal impact in the high- 
speed impact region described i n  a previous section. I n  addition, when 
t h a t  portion of the damage produced by the oblique cluster i s  coqared 
with the damage associated with normal impact i n  the  low-speed impact 
region as seen i n  figure 4(b) ,  it can be observed tha t  there i s  again a 
close S M l a r i t y .  
w i t h i n  the velocity limits of this investigation, the spray traveling 
normal t o  the front sheet behaves i n  the same manner as the hemispherical 
she l l  of high-speed normal impact and tha t  the oblique cluster  behaves 

It has been suggested many times tha t  

Figure 6 presents individual 

Material i s  spalled off normal t o  the  back of the front  sheet 

There is  a striking s imilar i ty  between the 

The 

It can be concluded then, tha t  f o r  oblique impact 
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l i k e  the law-speed normal impact cluster and produces the corresponding 
type of rear  sheet damage- Fromthis  conclusion one can reason that i f  
an oblique target  i s  impacted at a velocity l e s s  than that of the case 
shown in figures 6 and 7, then the general spray pattern w i l l  tend t o  be 
more representative of low-speed impact and the cluster  traveling along 
the l i ne  of the  t ra jectory wiY produce the m o s t  s ignificant rear sheet 
damage. 
target  after inrpact a t  the relat ively l o w  velocity of 10,000 f t /sec and 
a t  an angle of obliquity of 45O. It can be seen tht the major portion 
of the rear  sheet damage w a s  produced by the oblique cluster, as expcted, 
and that re la t ive ly  l i t t l e  damage was caused by the normal spray. Thus, 
it may be stated that, as the impact velocity upon oblique targets  is  
increased, rear  sheet damage tends t o  be produced t o  a greater extent by 
the spray traveling normal t o  the front  sheet and t o  a lesser  extent by 
the cluster  traveling along the l ine  of the project i le  trajectory. From 
this observation, it may be reasoned tha t  f o r  oblique impact at meteoric 
speeds, the spray pattern developed w i l l  be very similar t o  that of normal 
impact in the high-speed impact region and the  r ea r  sheet damage will be 
produced primarily, i f  not campletely, from the spray normal t o  the front 
sheet. Note that the eccentricity of the hole in the front sheet i s  l e s s  
f o r  the higher impact velocity. 
presented in reference 3. 

This i s  i l lus t ra ted  Fn figure 8 which shows both sheets of a 

This i s  in agreement with the data 

With reg& t o  the quantitative effects of obliquity on impact damage, 
the b a l l i s t i c  l imit  of the normal target  was 9,500 ft/sec whereas the 
b a l l i s t i c  lFmit of the oblique target was 19,500 ft/sec. However, caution 
should be used in applying these resul ts  t o  estimate the effects  of obliq- 
u i ty  a t  meteoric speeds since the f a i lu re  of the normal target  occurred 
i n  the law-speed region and that of the oblique target  i n  the t rans i t ion  
region where both high- and low-speed effects were observed- 

Front Sheet H o l e  Formation 

Observations were made a l so  of the formation of the  hole in the front 
sheet fo r  the case of normal impact, 
sections of sheets impacted a t  l o w  speeds (4,000 ft/sec) and high speeds 
(20,000 ft/sec), respectively, 
a soft, ductile aluminum al loy (ll00-Hl4) and a straug, b r i t t l e  aluminum 
al loy (2024-T3), From figure 9, it i s  apparent tha t  f o r  the low-speed 
impact case hole formation resul ts  f r o m  a punching o r  shearing action, 
The impact and exi t  surfaces of the targets are readily distinguished, 
Such i s  not the case, however, fo r  imp& a t  20,000 f t /sec (see f i g ,  10) . 
The sheets are perforated in a fraction of a microsecond during which the 
removed target  material and project i le  material are shattered i n t o  a RILL- 
t i tude  of t i n y  fragments forming the diverging she l l  described ear l ie r .  
The hole in the sheet, however, continues t o  grow rad ia l ly  f o r  many micro- 
seconds a f t e r  impact (see f ig .  2). Furthermore, this radial  growth i s  
symmetrical about the center of the sheet making it impossible t o  dis-  
tinguish between the front and back surfaces of the sheets. 

Figures 9 and 10 are photographs of 

Shown in both figures are targets  made of 
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Measurements were made of t he  minimum hole diameters i n  the front  
sheets of the various targets,  
t o  projecti le diameter as a function of the impact velocity for several 
values of sheet thickness t o  project i le  diameter ra t io .  
t o  diameter r a t i o  of 0.5, the data above 14,000 f t /sec are represented 
reasonably w e l l  by the equaticm given which was  obtained from a log-log 
plot. It can be reasoned tha t  since hole diameter varies as the square 
root of the  impact velocity, then the mass of ta rge t  material removed 
varies as the first pawer of velocity, tha t  is, i n  proportion t o  the  momen- 
t u m  of the project i le ,  It should be emphasized, however, that this resu l t  
may very well be fortuitous since much of the data were obtained at veloc- 
i t i e s  where the effects  of t ransi t ion from the  law-speed t o  the high-speed 
type of impact are significant. 

Plotted i n  figure 11 is the  r a t i o  of hole 

For a thickness 

A limited amount of data were obtained f o r  thickness t o  diameter 
ra t ios  other than 0.5. 
a cross plot was made of hole t o  project i le  diameter r a t i o  as a function 
of thickness t o  diameter r a t i o  as shown in figure 12. 
hole diameter varies l inear ly  with thickness up t o  a value of nearly 0.5 
f o r  the thickness t o  diameter ra t io .  With fur ther  increase i n  sheet 
thickness, the r a t e  of change i n  hole diameter decreases with increasing 
thickness and w i l l  eventually reach tha t  value f o r  a semi-infinite target.  

These data were extrapolated t o  20,000 ft /sec and 

It can be seen tha t  

CONCLUDLNG REMARKS 

The present experimental investigation concerned with the impact 
resistance of simple double-walled structures of varyFng thickness and 
spacing has brought t o  l igh t  two significant results.  F i r s t ,  it has been 
s h m  that the physical process of damage t o  a structure changes drast i -  
ca l lywi th  impact velocity. With increasing speed, shock damage plays an 
increasingly important part i n  causbg f a i lu re  and w i l l  undoubtedly be one 
of the most significant factors, i f  not the most significant, i n  causing 
s t ructural  fa i lure  at  meteoric speeds, Consequently, if  a structure i s  
t o  be assessed f o r  its resistance t o  meteoroid impact, then it most ckr- 
ta in ly  must be tes ted at  the very highest velocity attainable. Second, 
it i s  concluded tha t  any evaluation of space vehicle structures must be 
based upon tests of r ea l i s t i c  specimens because of t he  complex nature of 
t h e  failure,  

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, C a l i f  ., June 29, 1962 
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TABU I.-DOUKLE SHEGT STRUCTURES HAVING RAILISTIC LIMIT OF A P P R O m T E G Y  

20,000 FT/SEC; SPACING = 1 INCH, a = 0 2 5  INCH 

[ A l l  s tructures have same weight per u n i t  area] 

2024-T3 
2024-T3 
Hard brass 
Soft brass 
Acrylic 

Front sheet Rear sheet 
I 

~~ 

0 062 2024-T3 0 062 
031 2024 -T3 0093 
.010 2024-T3 *093 
,010 2024-T3 093 
* 075 2024-T3 -093 
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(a) Shell  pattern, 

(b)  Rear sheet damage. A-27963.1 

Figure 3. - Characterist ic features  of high-speed impact; 
V = 23,000 f ee t  per second. 
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(a)  Cluster pattern, A-21811-5 

(b)  Rear sheet damage, A-21964.1 

Figure 4,- Characteristic features of high-speed impact; 
V = 10,000 feet  per second. 
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(a) 1100-Hl4 alloy. A-29398 

A-29399 ( b )  2024-T3 alloy. 

Figure 9.- Section views of targets impacted at l o w  speed; 
V = 4,000 f e e t  per  second, 
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(a) 1100-Bl4 alloy. A-29400 

( b )  2024-T3 al loy,  A-29401 

Figure 10.- Section views of t a r g e t s  impacted a t  high speed; 
V = 20,000 f e e t  per second. 
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